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“In hoc signo vinces!” or “!” are the famous words addressed to Constantine 
the Great by God himself in the wake of the Battle of the Milvian Bridge according to 
Lactantius (Latin) [1, 2] or Eusebios of Caesarea (Greek) [2, 3]. This event, which sees its 
1700th anniversary this year, Constantine becoming the protégée of the Christian god, had a 
tremendous impact on the course of world history and science. On the one hand the Christian 
Roman Empire retained a big portion of the strength and power of its pagan predecessor and 
grew extremely resilient in the east, surviving well into the 15th century [4, 5]. On the other 
hand, the unfortunate symbiosis of church and state put a hold to freedom of expression and 
thought, interrupting scientific progress for one millennium.  
Atomic hypothesis, for instance, was postulated by Democritus, Leucippus and 
Epicurus as early as the 4th century BCE [6]. One of the latter’s most dedicated pupils, 
Lucretius, expressed in his famous work De rerum natura that life is merely based on, and 
governed by, the movement, association and dissociation of atoms [7, 8]. It took well over 
1500 years before John Dalton [9] would pick such theories up again and thus enabled science 
to continue where it had been forced into silence. A generation after atomic hypothesis had 
reemerged, Friedrich Miescher discovered a substance he labeled “nuclein” which happened 
to be crude DNA. After further examination he concluded that it must be distinct from 
proteins, as it contains no sulphur and does not undergo typical reactions. He also found out 
that phosphor, in the form of phosphoric acid, formed an essential part and gained a vague 
idea of its true structure [10]. Miescher and many other contemporaries, however, thought, 
while deeming “nuclein” to be very interesting, that it was too simple a compound to play a 
crucial part in genetics. Thus proteins were believed to be responsible for heredity. Hence 
progress in that field stalled.  
It was as late as 1952 when most doubts were dismissed by the Hershey-Chase 
experiment, using radioactive labeling [11]. Now DNA was rightfully regarded as the driving 
force behind heredity. Thus, after 2000 years, Lucretius, who was called insane by Christian 
historians of the Dark Ages [8], was rehabilitated: life is indeed to a very large extent a matter 
of atoms, their association and dissociation.   
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Early and important basic information on the structure of DNA was provided by Phoebus 
Levine and William Astbury. Yet it was not until 1953 when Rosalind Franklin (X-ray), 
James Watson and Francis Crick came up with the correct solution: a helical structure of two 
strands consisting of a backbone of sugars, linked by phosphate esters, and carrying bases 
which link these two strands by hydrogen bonds (Fig.1). Watson and Crick presented the first  
 
model of this base pairing in DNA with the help of Chargaff’s experimental results [12]. A 
DNA strand consists of nucleotides: phosphate ester, sugar (deoxyribose) and base. These 
bases are aromatic compounds: purines such as adenine and guanine possess ten cyclic 
conjugated -electrons according to Hückel’s rule (4n+2; n=2) over two rings, while the 
pyrimidine-based thymine and cytosine constitute of a single ring of six electrons (n=1). 
Hence -stacking and other - interactions are important factors of stability in the 3-D 
structure of DNA [14].   
Nucleotides do not merely constitute a structural element of DNA but together with 
nucleosides they serve as substrates or products in enzymatic processes as well. Adenosine 
mono-, di-, and triphosphate (AMP, ADP, ATP), guanine mono-, di-, and triphosphate (GMP, 
GDP, GTP), cyclic adenosine and cyclic guanine monophosphate (cAMP, cGMP), phosphate 
(Pi) and pyrophosphate (diphosphate, PPi) are most prominently featured in such reactions 
[15-24]. The various enzymes involved therein can be divided into several categories: 
Phosphotransferases or kinases [25] in particular catalyze phosphorylations, phosphatases 
[26] cleave esters, and phosphorylases [27] are responsible for phosphorolysis. The cell cyle 
Fig. 1. Part of random double strand 
DNA, emphasizing the Watson Crick 
base pairing. The pyrimidines 
thymine (T) and cytosine (C) are 
linked to their purine counterparts 
adenine (A) and guanine (G) by two 
(A-T) or three hydrogen bonds (C-G) 
respectively.   
Double strand DNA possesses a 
helical structure with a major and 
minor groove (left) [13].  
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is regulated by cyclin-dependent kinases (CDKs) [28] while G protein-coupled receptor 
kinase plays a key role in signal transduction [29, 30]. Furthermore, ATPases decompose 
ATP (Scheme 1) in order to provide energy for important processes and reactions. P-type  
 
ATPases, for instance, control and enable the transport of certain ions across biological 
membranes against gradient between the extra- and intracellular spaces.  
One such enzyme is H+/K+ ATPase which is crucial in the production of gastric acid 
[31]. Furthermore, sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) is transferring Ca2+ 
ions after muscle relaxation [32], Cu2+ is transported by ATP7B, the Wilson disease protein 
[33]. Additionally, there are several such enzymes like ATP13A2 [34] which deal with less 
common or more complex, organic ions [35-37]. Finally, Na+/K+-ATPase is an important part 
of the cell membrane as it regulates the ionic gradient of cell by maintaining a relatively low 
level of sodium inside and a relatively high concentration of sodium outside [38].  
Apparently, these enzymes are abundant, versatile, diverse and crucial to many 
processes inside the human body or organisms in general. Hence it is a great goal in biology 
to gain insight into the principles according to which they are working and how they can be 
controlled, inhibited or stimulated, rendering them a substantial drug target. Monitoring 


































































Scheme 1. Generic decomposition pathway of ATP: Energy is released by cleaving one 
anhydride bond. This process is catalyzed by ATPase forming the products ADP and 
phosphate. They can serve as starting materials for the reverse reaction, when ATP levels 
need to be recovered, or become substrates for other processes and enzymes.  
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understanding of the working mechanism of these enzymes. Thus detection of phosphates is 
an important analytical task.  
Various sensing schemes have been reported which harness amperometry, or 
electrochemistry in general, (capillary) electrophoresis, and (ion) chromatography [39, 40]. 
Procedures derived from protocols focused on the Taussky-Shorr [41] reagent (including 
ammonium molybdate) are still widely used. However, this approach is rather complicated 
and sensitive to many external influences like pH. Other fluorescent setups apply enzymes 
and/or organic dyes but these methods, too, suffer from the same drawbacks [40]. Another 
way of monitoring phosphate concentrations, with ATP in particular, is radioactive labeling 
with 32P. This very sensitive method suffers from the poor reputation of radiochemistry which 
entails a legislation that demands high and expensive standards of quality management, 
operational safety and waste-disposal to be maintained [42]. Lanthanide complexes, 
especially these of europium and terbium, have become a convenient alternative though. 
Numerous sensing schemes have been designed which are based on such compounds [39, 40, 
43, 44]. Complexes based on ruthenium, aluminum, cadmium, copper and zinc have been 
reported [42, 43, 45, 46]. Furthermore sensors utilizing aptamers [47], carbon nanotubes [48], 
and polythiophene [49, 50] and polyamine probes have been published [51].  
As could be seen, the field of available phosphate-sensitive probes offers a large pool of 
compounds and schemes for a variety of applications. Yet there are disadvantages that need to 
be taken into account: cross-sensitivity, complicated set-ups which are expensive and require 
trained personnel, limit of detection, toxicity in biological matrices or in vivo studies, pH-
dependence of probe, and many more [39, 40, 43, 46, 51].  
Hence, new probes are expected not to suffer from the shortcomings of these current 
probes. Accordingly, the design and screening of new fluorescent probes for the detection of 
ATP and other phosphates is an important task and the main objective of this work. It is 
focused on possible application for enzymatic assays for ATPase, GTPase, protein kinases 
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2.1 Viologens as New Phosphate-sensitive Fluorescent Probes 
 
Bipyridylium salts can easily be reduced electrochemically to form radical anions (Scheme 1) 
of mostly blue colour. Hence they are duly referred to as viologens [1]. Owing to its electron  
 
deficiency, the dication is found to readily form charge-transfer complexes with electron-rich 
donors thus creating a variety of other coloured compounds [1, 3].  
The still common herbicide paraquat consists of a mere 4,4’-bipyridine which is 
alkylated by chloromethane. In spite of its continued popularity it is toxic to animals and 
human beings coupled with serious long time effects [4]. Owing to the fact that it is easily 
available it has become a common substance for self-poisoning in suicides in many third 
world countries.   
The toxicity of paraquat and its low lethal dose is partly due to the fact that viologens can 
coordinate biomolecules electrostatically, through -stacking, - and cation- interactions 



















Scheme 1. This reaction illustrates the electrochromic reaction [2] which creates a 




these various interactions with (bio)molecules have been utilized. Hence viologens have been 
extensively exploited [7-11] as potential DNA intercalating labels. Moreover, sensor schemes 
for nitrite [12], oxygen [13] and dopamines [14] have been developed which include a 
bipyridinium component. As viologens are potentially strong redox active species [15] they 
have attracted attention in the field of electrochemistry. Cyclic voltammetry in particular has 
been widely used to investigate and characterize these salts [16-18]. Furthermore, they were 
utilized to electrochemically switch the emission of rare earth complexes [19]. Additionally 
interactions with nanomaterials [20] have been examined, e.g. graphene oxide [21] and silver 
nanoparticles [21, 22].  
Viologens are powerful quenchers of fluorescence [23, 24]. This trait was harnessed for 
numerous applications in (bio)chemical sensing [25, 26]. The 3-D structure of proteins, for 
instance, could be examined. A fluorescent ruthenium complex was linked to a viologen 
group via a spacer which coordinates to the protein. Quenching of the complex was observed 
for one tertiary structure while not for the other. This is due to the fact that upon an alteration 
in the folding of the involved peptide bonds quenching is induced through a closer proximity 
of the bipyridinium groups of the chain [27].  
The worldwide prevalence of diabetes is conjectured to be 3% [28]. Hence, one of the 
most common sensors is for glucose. Thus, the design and production of simple, inexpensive 
and sensitive devices for this task is an important field of analytical chemistry, pharmacy and 
medicine. Accordingly glucose has remained in the focus of attention for the application of 
new sensing schemes. A frequent approach is utilizing boronic acid derivatives as probes [29]. 
They adhere to the following concept. Diols and sugars in particular coordinate on these 
moieties and thereby induce a transformation in the 3-D structure from a trigonal planar 
geometry to a tetrahedron. Thus the reactivity and characteristic features of such a probe are 
crucially altered enabling optical, electrochemical, or other read outs [29, 30]. Viologens have 
also been intensively examined as parts of sensing schemes for glucose either with [31] or 
without boronic acids involved [32-34]. Singaram et al. have contrived an approach to the 
detection of saccharides that utilizes the quenching effect of bipyridinium salts on HPTS [35, 
36], APTS [37] and other like molecules [38]. These compounds are common aromatic dyes 
(Fig. 1, 2). Their fluorescence is quenched in the presence of viologens that were modified 
with a boronic acid moiety. When a sugar coordinates at this position, the 3-D structure is 







corresponds to a rise of glucose concentration. A similar approach was contrived here. Three 
different viologens (Fig. 3) were synthesized which varied in the length of the alkyl spacer: 
TEAPB, TEABB, and TEAPeB. These will interact with APTS and HPTS by forming weak 
complexes with electrostatic, - and cation- interactions [25, 41] thus enabling electron 
transfer [25] leading to decreased fluorescence intensity (Scheme 2).  Nucleotides and 
nucleosides, however, will strongly bind to viologens in the following way. The anionic 
oxygen groups of the phosphoric acid will readily form salts with the quarternary ammonium 
cation on the side chain while the aromatic bases will prefer the aromatic bipyridin site [42- 

















Fig. 1. HPTS (8-Hydroxypyrene-1,2,3-
trisulfonate) is a common probe for pH. 
Upon deprotonation (pKa 6.4) the 
fluorescence intensity is greatly enhanced. 
The excitation reaches a maximum at 454 
nm of wavelength; emission peaks at 520 
nm in water [39].  
Fig. 2. The fluorescence of APTS (8-
Aminopyrene-1,2,3-trisulfonate) is largly 
independent of pH. The amine group is only 
protonated under very acidic conditions. 
The excitation reaches a maximum at 488 
nm of wavelength; emission peaks at 520 























Fig. 3. Chemical structure of 1,1’-di[3-(triethylammonium)alkyl]-4,4’-bipyridylium  (n=1, 
2, 3) which has been designed as a quencher for sensing phosphate.   
1,1’-di[3-(triethylammonium)propyl]-4,4’-bipyridilium (TEAPB), n=1 
1,1’-di[3-(triethylammonium)butyl]-4,4’-bipyridilium (TEABB), n=2 




It is surmised that upon interaction with ATP, for instance, the side chains of the viologens 
will align and fix ATP on the phosphate groups saturating the electron deficient quencher. 
Thus the fluorescence of the pyrene is reinstated (Scheme 3), and the concentration of 
phosphate can be determined from the intensity of fluorescence.  
Theoretically, different types of nucleoside phosphates can be distinguished by their 
nucleic base (guanine or adenine) or lack thereof, the number of phosphate groups (mono-, di, 
triphosphates) and structure (cAMP, cGMP). The first factor determines the extent of - and 

























Scheme 2. Depicted here is the mechanism of fluorescence quenching of pyrenes (excitation 
around 450 nm) by viologens through electron transfer (ET).  HPTS is coordinated by 
TEAPB through electrostatic, - and cation- interactions. Thus electron transfer is 




groups corresponds to the number of possible negative charges. The quenchers possess four 
cationic charges on two sites where ionic bonds can be formed, i.e. the rings and the 
peripheral quaternary nitrogen atoms. Additional factors to be considered are the size and the 
3-D structure of the viologen. These have crucial impacts on the strength of the interaction 
between phosphates and viologens. It also should be taken into account that these nucleotides 
can affect the fluorescence of the pyrenes in a similar fashion and thus lowering fluorescence 
intensity though to a lesser degree.  
The length of the alkyl chain carrying the quaternary ammonium function is also crucial 
in terms of complexation and therefore quenching potential of the bipyridinium unit. The 
mode of complexation determines the possible orientation of the viologens with respect to the 
analytes and thus the way and extent of binding to HPTS or APTS.   
The objective of the following chapters is to report on the synthesis and quenching 
potential of three different quenchers TEAPB (chapter 4.1.1/2), TEABB (chapter 4.1.3/4), 
TEAPeB (chapter 4.1.5/6) as phosphate-sensitive probes, with HPTS and APTS as organic 
dyes with high fluorescence intensity. Their resolution, response time and capacity of 






















































Scheme 3. ATP interacts with and saturates the electron deficient viologen. Thus fluorescence 
of HPTS (excitation at 460 nm) is no longer quenched and a rise in intensity of the green 
emission at 520 nm could be observed.   
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2.2 NIR Dye as New Phosphate-sensitive Fluorescent Probe 
 
Fluorescent probes have generated a lot of interest in the last couple of decades owing to their 
sensitivity, low costs, and their easy and various applications [1].  One major disadvantage, 
however, of fluorescent probes can be identified in their excitation and emission maxima 
being located in the blue or even in the ultraviolet region. It would be very convenient and 
advantageous if these were shifted towards the near-infrared (NIR) region. Then damage of a 
living organism can be excluded [2].  Additionally a deeper penetration through tissue is also 
enabled [3]. Moreover, auto- and background fluorescence is minimized [4] rendering this 
approach very appealing to in vivo imaging [2, 5], especially due to the convenient operation 
in the “water window” (650 nm to 950 nm) [2, 6]. Furthermore, an inexpensive diodes are 
adequate for excitation [7].  
Accordingly, numerous applications and an abundance of probes have been reported. 
Many NIR dyes found applications in oncology [8, 9] for instance. Likewise, NIR Quantum 
Dots have been utilized for tumor imaging and in vivo investigations [3, 10, 11]. 
Upconverting nanoparticles (UCNPs) have attracted tremendous interest in recent years. Their 
unique capability of anti-Stokes luminescence upon excitation in the NIR region renders them 
promising tools for a variety of applications [12]. UCNPs have been harnessed to probe the 
activity of metalloproteinase [13], oxygen [14] and carbon dioxide [15]. They prospect to 
remain in the focus of heated research for the forseeable future. Furthermore, phenoxazines 
have been used as labels for proteins and amines [16]. Cyanine dyes can serve this purpose as 
well [17-19]. They  have become versatile molecules for a variety of applications such as  in 
semiconductors [20], photochromic [21] and photorefractive materials [22], in photovoltaics 
[23], in light harvesting [24], and as smart materials [25]. Furthermore, cyanines have served 
in mass spectroscopy [26], in imaging pertaining to cancer studies [27, 28], in solar cells [29], 
in proteomics [30], as potential optical data storage [31] and in monitoring of polymerization 
[32]. Hence, their tailor made synthesis has duly received a lot of attention [33-36]. Sensing 
of cations such as potassium [37, 38], mercury [38, 39] and calcium [40] via probes based on 
cyanine dyes has long been established. Recently anions [41], copper [42] and especially zinc 
[43-45] has been added to the fold.  
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Nagano et al. [46] contrived a sensing scheme for zinc ions as follows. A cyanine dye from 
the FEW company [47] was linked to a ligand which carries four nitrogen atoms. The free 
electron pairs of these can form a tetrahedral complex with zinc. Upon coordination of the 
metal the spectroscopic characteristics pertaining to the free ligand/dye are altered. Hence, a 
shift in the excitation and emission maxima can be recorded [46]. This is due to the fact that 
zinc is acting as a Lewis acid, reducing electron density, and this results in a change in the 3-
D structure of the molecule.  
This scheme was exploited for phosphate sensing here. An identical dipicolylamine 
ligand (L) was synthesized in two straightforward steps (see 2.2.1 below) rendering this an 
easier, quicker and more inexpensive approach than described by Nagano et al. [46]. This 
particular moiety has been reported to form chelates with zinc numerous times. [33, 46, 48, 






















Fig. 1. Depicted here is FEW dye S0378. It was linked to a dipicolylamine chelate ligand. 
Thus a reversible coordination of zinc cations is enabled. Free FEW-L possesses different 
spectroscopic characteristics than the metal complex.  
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Upon complexation with metal cations, the spectroscopic properties of this probe are crucially 
altered. When phosphate interacts with zinc, removing it from the equilibrium of free 
ion/coordinated ion, a reverse effect can be observed (Scheme 1).  
 
Additionally to the minor shift in the maxima of excitation and emission, the fluorescence 








































exc 656 em 725  
Scheme 1. The excitation maximum of FEW-L at 656 nm is shifted to 670 nm upon 
coordination of zinc. Likewise the emission maximum at 725 nm will be altered to 735 nm. 
The equilibrium can be modified by the addition of phosphate, removing the metal ion and 
interaction with the dye and ligand.  
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exercise different impacts on the complex [Zn(FEW-L)], either by releasing zinc or by 
electrostatic interaction with dye or through the -systems from the nucleic bases.  
Theoretically, different types of phosphates can be distinguished by their nucleic base 
(guanine or adenine) or lack thereof, the number of phosphate groups (mono-, di-, 
triphosphates) and structure (cAMP, cGMP). The base determines if, and to what extent, - 
and -cation interactions can be formed between the sample and FEW-L. The number of 
phosphate groups corresponds to the number of negative charges. The dye possesses one, 
while zinc ions carry two positive charges to form ionic bonds. The third factor, size and 3-D 
structure is very important and crucially impacts the extent to which interaction between 
phosphates, the metal ion, FEW-L and [Zn(FEW-L)] is possible. Thus it needs to be taken 
into account that these phosphates can impact the zinc complex and/or the free FEW-L in a 
like way and thus affecting fluorescence intensity.  
The objective of chapter 5 is to report on the potential of [Zn(FEW-L)] as a phosphate-
sensitive probe. Hence Pi, PPi, GTP, GDP, GMP, cGMP and their adenine counterparts are 
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3.1 Materials and Methods 
 
3.1.1 Instrumental Set Up 
 
All NMR spectra were recorded on a 300 MHz Burker Avance spectrometer (Bruker, 
www.bruker-biospin.com).  
HRMS was acquired on an Agilent Q-TOF 6540 UHD (www.agilent.co.uk).  
All measurements dealing with quenchers were carried out on a Tecan GENios Plus microtiter 
plate reader F129024 (www.mtxlsi.com/TECANGENIOS.htm).   
Experimenta parameters: Temperature: 37 °C; Filter (emission): 535 nm; Filter (excitation): 
430 nm; Gain: 84 V; Integration time: 30 µs; Shaking: 25 s; Number of flashes: 110; 
Duration: 1800 s 
Microtiter Plate: Micro-Assay-Plate, Chimney, 96Well, 127, 8/86/15, Black, Clear Bottom 
by Greiner Bio-One (655096, www.gbo.com) was exclusively used.  
 
 All emission and excitation spectra were recorded on a Jasco FP-6200 (www.jasco.co.uk).  
Measurement parameters: PMT Voltage: 400 V; Excitation Band Width: 5 nm; Emission 
Band Width: 10 nm; Speed: 100 nm/s; Data Pitch: 0.5 nm; Response: Medium; Filters 







All chemicals were obtained from commercial sources, e.g. Sigma Aldrich 
(www.sigmaaldrich.com) in the highest purity available or from Deutero GmbH 
(www.deutero.de) (Table 1).  The FEW dye S0378 was obtained from FEW Chemicals 
GmbH (Bitterfeld) (http://www.few.de).  
 
All measurements were carried out in TRIS buffer of the following composition:  
24 mM*L-1 Tris(hydroxymethyl)aminomethan (TRIS), 160 mM*L-1  NaCl, 3.60 mM*L-1 
KCl, 0.50 mM*L-1  MgCl2. 
pH was adjusted to 7.4 by addition of 1 M*L-1  HCl. It was monitored using a CG 842 pH 
meter (Schott, www.schott.com). The following stock conc. Were adjusted. Phosphates: 17.5 
µM*L-1, FEW-L: 1 µM*L-1, zinc perchlorate: 5.00 µM*L-1, pyrenes: 0.50 µM*L-1, and 
viologens: 5 µM*L-1  













Synthesis of Trisodium 8-Aminopyrene-1,2,3-trisulfonate (APTS) [1] 
 
The synthesis of APTS was carried out according to the protocol by Singaram et al. [1]. First, 
sodium sulfate (1.13g, 8.00 mmol), conc. sulphuric acid (5 ml), and aminopyrene (434 mg, 
2.00 mmol) were placed into a dry round-bottom flask equipped with a drying tube. Next 6 ml 
of fuming sulphuric acid (20% SO3) was added, and the reaction mixture was stirred at 60 °C. 
After 24 hours the solution was carefully poured into 50 ml of water. The aqueous mixture 
was neutralized using 50 % m/m sodium hydroxide solution. Water was removed on a rotary 
evaporator then methanol was added to the crude product. The mixture was sonicated in an 
ultrasonic bath for 30 minutes then insolubles were removed by filtration. Volatiles were 
removed by evaporation. The crude product was kept in the fridge over-night to solidify. 
Ethanol was added, and after filtration the solvents were removed by evaporation. The 
product did not require further purification. A brown solid was obtained in 3% yield (30.00 
mg, 0.05 mmol). ESI–MS: [M-H-] (calculated): 456.4, [M-H-] (found): 456.0; 1H NMR 
(CD3OD, 300 MHz)  8.19 (s, 1H),  8.41 (d, J = 9.88 Hz, 1H),  8.91(d, J = 9.88 Hz, 1H),  
9.03 (d, J = 9.88 Hz, 1H),  9.15 (d, J = 9.88 Hz, 1H),  9.30 (s, 1 H); 13C NMR (CD3OD, 75 
MHz)  114.92,  117.74,  119.52,  122.20,  124.18,  124.99,  126.20,  127.76, 
128.00,  128.94,  131.51,  131.93,  136.07,  136.54,  142.35,  145.83. 
 
[1] Z. Sharrett, S. Gamsey, L. Hirayama, B. Vilozny, J. T. Suri, R. A. Wessling, B. Singaram, Exploring the use 














1) H2SO4, H2SO4 (fuming, 20% SO3), 
Na2SO4, 60 °C,  1 d




 Synthesis of 3-bromo-N,N,N-triethylpropane-1-ammonium-bromide  
 
 
The synthesis of the 3-Bromo-N,N,N-triethylalkyl-1-ammonium-bromides was carried out 
using a modified protocol of Kim et al. [2]. A round-bottom flask was charged with 
dibromopropane (24 ml, 47.52 g, 235.36 mmol), 1.64 ml triethylamine (1.20 g, 11.86 mmol) 
and 5 ml THF and the resulting mixture was stirred at room temperature over-night. Ethanol 
was added and product was collected by filtration, yielding 1.16 g (3.83 mmol, 32.04%) of a 
white solid. HR-ESI–MS: [M*+] (calculated): 208.0695, [M*+] (found): 208.0700; 1H NMR 
(D2O, 300 MHz)  1.21 (t, J = 6.59,  9H),  2.21 (m, 2H),  3.25 (m, 8H),  3.47 (t, J = 6.04 









[2] W. S. Jeon, E. Kim, Y. H. Ko, I. Hwang, J. W. Lee, S. Kim, H. Kim, K. Kim, Molecular Loop Loc: A Redox-























Synthesis of 3-Bromo-N,N,N-triethylbutyl-1-ammonium bromide  
 
Dibromobutane (64.37 ml, 117.41 g, 543.75 mmol), 3.8 ml triethylamine (2.763 g, 27.30 
mmol) and 5 ml THF were placed into a round-bottom flask and stirred at room temperature 
over-night. Ethanol was added and the product was filtered off, yielding 6.66 g (21.00 mmol, 
76.91%) of a white solid. HR-ESI–MS: [M*+] (calculated): 236.1008, [M*+] (found): 
236.1007; 1H NMR (D2O, 300 MHz)  1.17 (t, J = 7.14,  9H),  1.80 (m, 4H),  3.17 (t, J = 
6.66 Hz, 2H),  3.20 (q, J = 7.14, 6H),  3.47 (t, J = 6.66 Hz, 2H); 13C NMR (D2O, 75 MHz) 
 6.79,  19.89,  28.67,  33.37,  52.62, 55.63. 
 
Synthesis of 3-Bromo-N,N,N-triethylpentyl-1-ammonium-bromide  
 
Dibromopentane (74.37 ml, 125.09 g, 543.75 mmol), 3.8 ml triethylamine (2.763 g, 27.30 
mmol) and 5 ml THF were placed into a round-bottom flask and stirred at room temperature 
over-night. Ethanol was added and the product was filtered off, yielding 6.26 g (18.90 mmol, 
69.23%) of a white solid. HR-ESI–MS: [M*+] (calculated): 252.1144, [M*+] (found): 







































 1.85 (m, 2H),  3.10 (t, J = 6.54 Hz, 2H),  3.20 (q, J = 7.14, 6H),  3.45 (t, J = 6.54 Hz, 
2H); 13C NMR (D2O, 75 MHz)  6.84,  20.34,  24.42,  31.48,  34.49,  52.64, 56.53. 
 
Synthesis of 1,1’-di[3-(triethylammonium)propyl]-4,4’-bipyridilium (TEAPB) 
 
3-Bromo-N,N,N-triethylproyl-1-ammonium bromide (1.16 g, 3.82 mmol) and 4,4’-bipyridin 
(74.60 mg, 0.48 mmol) were dissolved in acetonitrile and the reaction mixture was refluxed 
for three days. The resulting mixture was allowed to cool to room temperature then crude 
product was collected by filtration and dissolved in water. Addition of excessive amount of 
potassium hexafluorophosphate induced crystallization of the product as its 
hexafluorophosphate salt. An off white solid was obtained in a yield of 288.00 mg (0.28 
mmol, 58.33%). HR-ESI–MS: [M*+] (calculated): 372.4, [M*+] (found): 372.9; 1H NMR 
(DMSO, 300 MHz)  1.20 (t, J = 7.28,  18H),  2.40 (m, 4H),  3.22 (m, 16H),  4.70 (t, J = 
7.14 Hz, 4H),  8.81 (d, J = 8.23 Hz, 4H),  9.40 (d, J = 8.23 Hz, 4H); 13C NMR (DMSO, 75 
























303,08 g/mol 156,19 g/mol















Synthesis of 1,1’-di[3-(triethylammonium)butyl]-4,4’-bipyridylium (TEABB) 
 
3-Bromo-N,N,N-triethylbutyl-1-ammonium-bromide (4.00 g, 12.62 mmol) and 4,4’-
bipyridine (200.00 mg, 1.28 mmol) were dissolved in acetonitrile and refluxed for three days. 
The crude product was filtered off, dissolved in water and precipitated by addition of 
potassium hexafluorophosphate. An off white solid was obtained in a yield of 956.50 mg 
(0.93 mmol, 72.66%). HR-ESI–MS: [M*+] (calculated): 560.4296, [M*+] (found): 560.4294; 
1H NMR (DMSO, 300 MHz)  1.24 (m,  22H),  1.70 (m, 4H),  3.24 (m, 16H),  4.76 (t, J = 
7.14 Hz, 4H),  8.82 (d, J = 8.23 Hz, 2H),  9.41 (d, J = 8.23 Hz, 2H); 13C NMR (DMSO, 75 











































Synthesis of 1,1’-di[3-(triethylammonium)pentyl]-4,4’-bipyridylium (TEAPeB) 
 
3-Bromo-N,N,N-triethylpentyl-1-ammonium-bromide (4.58 g, 13.83 mmol) and 4,4’-
bipyridin (255.00 mg, 1.63 mmol) were dissolved in acetonitrile and refluxed for three days. 
The crude product was filtered off, dissolved in water and precipitated by addition of 
potassium hexafluorophosphate. An off white solid was obtained in a yield of 331.20 mg 
(0.31 mmol, 19.02%). HR-ESI–MS: [M*+] (calculated): 588.4609, [M*+] (found): 588.4611; 
1H NMR (DMSO, 300 MHz)  1.20 (t, J = 7.28,  18H),  1.40 (m, 4H),  1.64 (m, 4H),  3.22 
(m, 16H),  4.70 (t, J = 7.14 Hz, 4H),  8.81 (d, J = 8.23 Hz, 2H),  9.40 (d, J = 8.23 Hz, 2H); 













































Synthesis of N-(2-[di(2-picolyl)amino]ethyl)phthalimide  
 
Di(2-picolyl)amine (2.70 ml, 15.00 mmol),  N-(2-bromoethyl)phthalimide (4.17 g, 16.42 
mmol) and potassium carbonate (3.30 g, 23.88 mmol) were heated at 90 °C in DMF over-
night. After cooling to room temperature the reaction mixture was poured onto ice-water. 
Two hours later the crude product was filtered off and washed with cold water and was dried 
over calcium chloride in vacuo. An off white solid was obtained in a yield of 2.45 mg (6.58 
mmol, 43.87%). ESI–MS: [MH+] (calculated): 472.4, [MH+] (found): 472.9; 1H NMR 
(CDCl3, 300 MHz)  2.79 (t, J = 6.86,  2H),  3.79 (m, 6H),  6.99 (t, J = 7.69 Hz, 2H),  7.31 
(m, 4H),  7.71 (m, 4H),  8.34 (d, J = 7.69 Hz, 2H); 13C NMR (CDCl3, 75 MHz)  36.04,  

















199.25 g/mol 254.09 g/mol
372.42 g/mol




Synthesis of [di(2-picolyl)amine]ethane-1,2-diamine (L) 
 
N-(2-[di(2-picolyl)amino]ethyl)phtalimide (2.35 g, 6.31 mmol) was dissolved in boiling 
ethanol (40.00 ml) and hydrazine monohydrate (0.43 ml, 8.25 mmol) was added to it. After 
refluxing for four hours a white solid had precipitated. The reaction mixture was cooled to 
ambient temperature and conc. hydrochloric acid (10.00 ml) was added. The precipitate was 
filtered off after one hour and the filtrate adjusted to pH 10 with aqueous sodium hydroxide (1 
mol*L-1). The solution was extracted 5 times with diethyl ether, and the combined organic 
phases were dried over magnesium sulfate. The solvent was removed in vacuo and the oily 
crude product was kept in the fridge over night to crystallize. A yellow solid was obtained in a 
yield of 650.00 mg (2.68 mmol, 42.47%), which was found to be satisfactorily pure and was 
used in the next step. ESI–MS: [M+] (calculated): 242.3, [MH+] (found): 243.0; 1H NMR 
(CDCl3, 300 MHz)  2.69 (t, J = 6.86,  2H),  2.81 (t, J = 6.86,  2H),  3.84 (s, 4H),  7.14 
(m, 2H),  7.46 (d, J = 7.69 Hz, 2H),  7.64 (m, 2H) ,  8.52 (d, J = 7.69 Hz, 2H); 13C NMR 





















3,3-dimethyl-1-(4-sulfobutyl)-3H-indolium sodium salt (FEW-L) 
 
[di(2-Picolyl)amine]ethane-1,2-diamine (650.00 mg, 2.68 mmol),  FEW S0378 (1.58 g, 2.15 
mmol), and triethylamine (0.36 ml, 2.60 mmol) were stirred in DMF at room temperature 
over-night while a change of colour from green to blue could be observed.  The reaction 
mixture was poured into methyl tert-butyl ether. The product precipitated and was collected 
by filtration. The crude product was washed with methyl tert-butyl ether and dried in vacuo. 
A blue solid was obtained in a yield of 2.00 g (2.12 mmol, 79.10%). HR-ESI–MS: [M-2H2+] 











































12H),  1.69 (m, 4H),  1.75 (m, 4H),  2.52 (t, J = 7.14 Hz, 4H), 2.62 (m, 4H),  2.68 (m, 
4H),  3.01 (t, J = 6.00 Hz, 2H),  3.87 (t, J = 6.00 Hz, 2H),  3.91 (m, 4H),  4.16 (t, J = 7.14 
Hz, 1H),  5.61 (d, J = 12.00 Hz, 2H),  7.04 (t, J = 8.00 Hz, 2H),  7.13 (d, J = 8.00 Hz, 2H), 
 7.27 (m, 2H),  7.46 (d, J = 8.00 Hz, 2H), 7.49 (d, J = 8.00 Hz, 2H), 7.73 (d, J = 8.00 
Hz, 2H),  7.73 (d, J = 12.00 Hz, 2H), 7.74 (d, J = 8.00 Hz, 2H),  8.46 (d, J = 4.00 Hz, 2H); 
13C NMR (DMSO, 600 MHz)  22.57,  22.70,  25.55,  25.96,  26.13,  26.21,  27.55,  
36.00, 42.44, 43.85, 44.18,  45.83, 47.15,  49.00, 50.80, 51.08,  52.35, 
58.89,  59.44,  96.45,  102.72,  109.29,  111.63,  122.16,  122.54,  122.69,  
123.28, 126.40,  128.35,  135.72,  136.90, 137.12, 139.81,  141.44,  142.33, 


















4. Viologen-Type Probes for Phosphates 
 
4.11 Results and Discussion 
 
This chapter deals with the luminescence of various probe designs (see Table1) of HPTS and 
APTS with the quenchers TEAPB, TEABB, and TEAPeB in the presence of numerous 
phosphates.  
A large number of phosphates was investigated. Hence it is convenient to group these 
analyte phosphates. ATP, ADP and Pi are involved in the ATPase reaction (see Introduction, 
scheme 1). Thus the first group includes these phosphate species. Moreover, guanosines were 
investigated. AMP, cAMP, and PPi were also studied. Finally all adenines are displayed in 
one plot. Fluorescence intensity was recorded in a microtiter plate. All experiments were 
repeated at least eight times for each phosphate sample and subjected to statistical evaluation, 
mostly standard deviation by Excel. The concentrations were 5 µM*L-1  for the quenchers, 
17.5 µM*L-1  for the samples and 0.5 µM*L-1  for the pyrenes according to chapter 3.1.2. 
Each measurement was referenced to the emission of HPTS or APTS (I0) without quencher 
and sample. The fluorescence intensity was recorded in 24 mM TRIS buffer solution (see 1.2) 














Table 1. Overview of the sensing schemes for phosphate that were investigated in this 
chapter. The notation PQI refers to HPTS serving as fluorescent pyrene and TEAPB as 
quencher. PQI to PQVI were subsequently studied and exposed to phosphates in order to 
determine whether or not a viable sensing scheme could be achieved.  
Pyrene Quencher Notation 
HPTS TEAPB PQI 
   TEABB PQIII 
  TEAPeB PQV 
      
APTS TEAPB PQII 
  TEABB PQIV 





4.1.1 HPTS with TEAPB as fluorescent probe for the detection of 
ATP and other phosphates 
 
Fig. 1 displays the quenching of HPTS by TEAPB. The signal became stable after 200 
seconds and yielded a drop to 83%. 
 
Upon addition of phosphates a reverse effect, i.e. a partial recovery of the fluorescence signal, 
is expected due to interaction of the negative charges and the aromatic nucleic bases with the 
viologens (see 1.1).  
 
 















Fig. 1. The quenching of HPTS by TEAPB is displayed here. The fluorescence intensity of 
mere HPTS (solid) remains at 100%. After 200 seconds the signal of HPTS and TEAPB is 
constant and yields a quenching of roughly 20%.    
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Phosphates in ATPase Reaction 
The intensity plots upon the addition of ATP, ADP and Pi are displayed in Fig. 2.   
 
It was found that there is a sufficiently strong interaction between ATP and TEAPB entailing 
to a release of virtually all HPTS. Hence the fluorescence intensity recovers to the level I0 of 
the reference. A substantially weaker interaction takes place between ADP and TEAPB. This 
can be explained on the basis of remaining electron transfer from HPTS to the quencher not 
being completely disabled and thus fluorescence intensity is of intermediate magnitude. 
Contrary to this, Pi carries no sugar and aromatic base moieties. As a consequence there is no 
possibility for - or similar interactions, only electrostatic interaction between phosphate and 
the quaternary nitrogen groups of TEAPB can be accounted for any effect. Accordingly, the 
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Fig. 2. The effect of ATP, ADP and Pi on the quenching of HPTS by TEAPB is depicted 
here. The low signal at 83% due to TEAPB is increased. After 200 seconds the interaction of 
the phosphates is strong enough to release HPTS, in the case of ATP virtually completely. 
Quenching by TEAPB is decreased, entailing to a rise in fluorescence intensity.  
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weakest fluorescence recovery can be observed in the case of Pi. Due to the difference in the 
interacting forces a clear distinction between the three phosphates involved can be drawn.  
 
Guanosine Phosphates 
Guanine carrying nucleotides constitute the next group of phosphates. Their response is 
depicted in Fig. 3.  GTP is analogous to ATP and the strongest interaction with TEAPB is 
recorded in this case. The signal is recovered to 95% of the reference. A slightly lower signal 
was recorded for GMP. This is surprising as the molecule is substantially smaller and it 
possesses fewer phosphate groups as opposed to GTP. Hence the possibility for interaction 
with the quaternary nitrogen moiety of TEAPB is limited.  A substantial gap is observed  
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Fig. 3. The effect of GTP, GDP, GMP and cGMP on the quenching of HPTS by TEAPB is 
depicted here. The low signal at 83% from TEAPB is increased. After 300 seconds the 
interaction of the phosphates, especially GTP and GMP, is strong enough to release most 
HPTS. Quenching by TEAPB is decreased, entailing to a rise in fluorescence intensity. 
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between the signal of GTP/GMP and that of cGMP. The response of GDP is similar to that of 
the latter. Again, this is surprising as the diphosphate group and the bulky cyclic phosphate 
groups are clearly distinct. The fluorescence intensity is recovered to a level of roughly 87% 
in both cases.  
 
AMP, cAMP and PPi 
The response of AMP, cAMP and PPi is depicted in Fig. 4. A clear distinction between the 
three phosphates involved can be drawn. Fluorescence intensity recovers to a level of 95% 
when cAMP is present. The signal for PPi is of intermediate magnitude at 90%. cAMP has the 
least impact on TEAPB, hence the signal only rises to 85% of the original level.  This 
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Fig. 4. The effect of AMP, cAMP and PPi on the quenching of HPTS by TEAPB is depicted 
here. The low signal at 83% caused by TEAPB is increased for al analytes. After 300 
seconds the interaction of the phosphates is strong enough to release HPTS. Quenching by 
TEAPB is decreased, entailing to a rise in fluorescence intensity. 
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confirms the assumption that due to their distinct structure, distinct signals are to be expected 
from different modes and intensity of interaction with the fluorescent quencher TEAPB. The 
signal requires a considerably longer time to become stable. This might be due to the presence 
of the bulky phosphate ester. The equilibrium requires longer time to be set in such a case. 
 
Adenosine Phosphates  
Fig. 5 summarizes the response of all adenosine derivatives. Again, a clear distinction can be 
drawn between the four species. The phosphate species that were investigated here all possess 
the same base. They only differ in size and number of phosphate groups and thus their 


























Fig. 5. The response of ATP, ADP, AMP and cAMP on the quenching of HPTS by TEAPB 
is depicted here at 200 seconds including error bars. The low signal at roughly 80% from 
TEAPB alone is increased after addition of (bio)phosphates. The signal for ATP almost 
fully recovers. Quenching by TEAPB is decreased, entailing to a rise in fluorescence 
intensity upon addition of phosphates. 
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order to obtain results in good resolution.  Yet a sometimes high standard deviation needs to 
be taken into account.  
 
 
4.1.2 APTS with TEAPB as fluorescent probe for the detection of 
ATP and other phosphates 
 
The potential of TEAPB as a quencher is depicted in Fig. 6. The fluorescence intensity 
 
became immediately stable and dropped to 76%. Forcomparon, when HPTS was used, a time 
delay of 200 seconds was required. The only distinction between these two pyrenes lies in the 
side group. APTS possesses an uncharged amino group while HPTS has a negatively charged 
hydroxyl group at the applied pH. While relatively weak –interactions offer the only mode 
















Fig. 6. Quenching of APTS by TEAPB: The fluorescence intensity of mere APTS (solid) 
remains at 100%. The addition of TEAPB causes a quenching by roughly 25%.    
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of coordination in the former case much stronger electrostatic forces are involved in the latter 
case. Hence, equilibration is much faster. Moreover, TEAPB quenches the fluorescence by 
roughly 5%. The more efficient quenching is probably due to the more compact complex as a 
result of the presence of stronger interacting forces.  
The quenched signal is expected to recover to its original level upon addition of phosphates.  
 
Phosphates in ATPase Reaction 
The responses of ATP, ADP and Pi are displayed in Fig. 7.  Contrary to HPTS, APTS does 
not retrieve the level of fluorescence intensity without TEAPB as quencher when phosphate is 
added. While it causes the strongest reverse effect, only about 90% of the fluorescence 
intensity of the original signal is reached upon addition of ATP. The stronger quenching of 
the fluorescence intensity of APTS by TEAPB would be an explanation. Thus an equal 
concentration of ATP entails to the signal recovering less effectively. Apparently, a weaker 
interaction is present between ADP and TEAPB and fluorescence intensity is of intermediate 
magnitude. Pi carries no sugar and aromatic base. Owing to this fact - or similar 
interactions are obviously no factor here. Phosphate and the quaternary nitrogen groups of 
TEAPB are only subjected to electrostatic attraction. Yet Pi raises fluorescence intensity to 
nearly the level of ADP. A distinction between the three phosphates investigated can be 






Fig. 8 yields the response of the guanine phosphates. The fluorescence intensity of cGMP and 
GDP is not recovered at all. A rise of 5% to 80% of the signal I0 can be observed for GMP. 
GTP, in analogy to ATP, yields the highest signal recovery. This was also the case for HPTS. 
Yet the resolution is much poorer in this case. A possible explanation may lie behind the 
strong interaction between TEAPB and APTS as could be seen in a more efficient quenching 
and an immediate drop in fluorescence (Fig. 6). Accordingly phosphates cannot pry the 
quencher off the pyrene quick and sufficiently enough. cGMP might require more time for the 
equilibrium to become set as was the case for PQI. It can also be concluded that GMP and 
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Fig. 7. Effect of ATP, ADP and Pi on the quenching of APTS by TEAPB. The low signal at 
76% stemming from electron transfer to TEAPB is increased. After 200 seconds the 
interaction of the phosphates is strong enough to release APTS. Quenching by TEAPB is 




GTP seem to be a better match for TEAPB regarding size and number of charges.  
 
AMP, cAMP and PPi 
Fig. 9 exhibits the behaviour of cAMP, AMP and diphosphate in the sensing scheme PQII. 
The signal of cAMP does not surpass the response from TEAPB, i.e. no reduction of 
quenching occurs. Once more, resolution is poor. AMP and PPi are of virtually the same level 
at slightly below 80% of the fluorescence intensity of the reference. Both molecules feature 
distinct building blocks and were not expected to prompt a like response. This observation is 
contrary to PQI. A very good resolution could be achieved there for all adenosine phosphates.  
 




















Fig. 8. Effect of GTP, GDP, GMP and cGMP on the quenching of APTS by TEAPB. The 
low signal at 76% caused by TEAPB is increased. After 200 seconds the interaction of the 
phosphates is sufficient for the release of most HPTS. Quenching by TEAPB is decreased 
and causes a rise in fluorescence intensity. The curves pertaining to cGMP and GDP are 






The response of ATP, ADP, AMP and cAMP is on display in Fig. 10. The signal of ADP and 
AMP is of virtually the same magnitude. That of ATP reaches only a slightly higher level. 
The signal of cAMP does not surpass that of the quencher TEAPB. This renders resolution 
rather poor once more.  Hence a stronger interaction of the viologen with APTS is conjectured 
while a weaker interaction with the phosphates takes place. The response seems to be largly 
independent of size and charge. It may be assumed, however, that cyclic phosphates require a 
substantially longer time to coordinate TEAPB and thus no change of signal could be 
recorded within the time-frame of the experiment. In any case, PQII makes up a rather 
inconvenient sensing scheme due to its poor resolution and sensitivity. Although standard 
deviation is mostly on a satisfying level, poor reproducibility is indicated in the case of ATP.   
 






















Fig. 9. Fluorescence intensity of AMP, cAMP and PPi in system PQII. The curve for cAMP 






4.1.3 HPTS with TEABB as sensing design for the detection of ATP 
and other phosphates 
 
The potential of TEAPB as a fluorescent quencher of HPTS is depicted in Fig. 11. The 
fluorescence intensity became stable after approximately 200 seconds and yielded a drop to 
65%. PQI required the same period of time. The TEABB probe entails to stronger quenching 
than TEAPB on HPTS. Both viologens differ in length of the alkyl chain only. Apparently a 
























Fig. 10. Response of ATP, ADP, (cAMP) and AMP on system PQII at 200 seconds 
including error bars. The low signal (of 77%) from TEAPB is increased. The response of 




quencher/pyrene complex, to render it more stable and more efficient.  Upon exposure to 
phosphates, PQIII is expected to yield a rise in fluorescent intensity.  
 
Phosphates in ATPase Reaction 
ATP, ADP and Pi are displayed in Fig. 12.  Contrary to PQI, ATP is not capable of releasing 
most HPTS by interaction with the quencher. Pi impacts TEABB the most while it had no 
substantial effect on TEAPB. Apparently electrostatic interaction was sufficient for reversing 
quenching. Fluorescence intensity recovers to 80% of the level of the reference. A weaker 
interaction takes place between ATP and TEABB. At 75% of the reference value, 
fluorescence intensity is of intermediate magnitude. The signal for ADP rose to 70% of the 
reference. Thus a clear distinction between the three phosphates involved can be drawn. Yet 
resolution was poorer than in the case of TEAPB.  



















Fig. 11. Quenching of HPTS by TEABB. After 200 seconds the signal of HPTS and TEABB 
is sufficiently constant and yields a quenching by roughly 35%.   The fluorescence intensity 






Guanine carrying nucleotides constitute the next group of phosphates investigated. Their 
response is depicted in Fig. 13.  The signal is recovered to over 90% of the reference in the 
case of GDP. Hence, the strongest interaction with TEABB takes place here. A notably lower 
signal at 85% was recorded for cGMP. GTP and GMP slightly raise the fluorescence intensity 
by 5% to a level of 70% of the reference. This is unexpected as both molecules are clearly 
distinct. GMP is considerably smaller and it possesses fewer phosphate groups as opposed to 
GTP. Hence a difference in size and charge needs to be taken into account. Yet their response, 
and thus their capability of impacting TEABB, is of similar order. Despite the fact that GMP 
and GTP cannot be clearly distinguished, the response of PQIII to the guanine carrying 
phosphates offers good resolution. Thus this sensing scheme is well suited for probing  
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Fig. 12. Effect of ATP, ADP and Pi on system PQIII. The low signal at 65% from TEAPB 
is increased. After 300 seconds the interaction of the phosphates is strong enough to release 




guanosine phosphates and the investigation of enzymes that produce and/or consume such 
species.  
 
AMP, cAMP and PPi 
The response of AMP, cAMP and PPi is depicted in Fig. 14. A clear distinction between the 
three phosphates involved can be drawn. Fluorescence intensity recovers to a level of nearly 
80% when PPi is present. The signal for AMP is of intermediate magnitude at 75%. cAMP 
has the least impact on TEABB, hence the signal only rises to 85% of the reference.   
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Fig. 13. Effect of GTP, GDP, GMP and cGMP on the quenching of HPTS by TEAPB. The 
low signal at 65% from TEAPB is increased. After 300 seconds the interaction of the 
phosphates is sufficiently strong enough to release most HPTS. Quenching by TEAPB is 






Curves for all adenosine phosphates are plotted in Fig. 15 after exposure to PQIII. A 
distinction can be drawn albeit to a lesser degree. The response of ATP and AMP converges 
to virtually the same level though. Resolution and reproducibility (see error bars) are poorer 
than in PQI. This observation confirms the initial observation that TEABB and HPTS are 
more inclined to form complexes than TEAPB and HPTS. Thus phosphates can only free a 
smaller amount of pyrene. Poor resolution and a slower response can be explained on the 
same basis as well.  
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Fig. 14. Effect of AMP, cAMP and PPi on the quenching of HPTS by TEABB is depicted 
here. The low signal at 65% caused by TEABB is increased. After 300 seconds the 
interaction of the phosphates is strong enough to release HPTS. Quenching by TEABB is 





Calibration for ATPase reaction  
ATPase decomposes ATP to ADP and Pi releasing energy (see Introduction, Scheme 1). 
Accordingly, calibration curves were recorded (Fig. 16). The concentration of ADP equalled 
that of Pi as for one consumed molecule of ATP one molecule of ADP and one of Pi is 
generated. The concentration of ATP was determined by subtraction of the ADP 
concentration from 20 µM. Poor resolution was achieved and no clear distinction of the 
curves was possible at a concentration of ATP below 17.5 µM. Accordingly, this sensing 


































Fig. 15. Changes caused by ATP, ADP, AMP, and cAMP in system PQIII at 350 seconds. 







4.1.4 APTS with TEABB as sensing design for the detection of ATP 
and other phosphates 
 
Fig. 17 yields the potential of TEABB on APTS as a quencher. The fluorescence intensity 
became stable after 300 seconds and dropped to 70%.  Upon the addition of phosphates a 
reverse effect, i.e. a recovery of fluorescence was expected and subsequently studied.  
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Fig. 16 Calibration plot of PQIII for ATPase reaction. Upon the addition of more than 





Phosphates in ATPase Reaction 
The response of ATP, ADP and Pi in PQIV are displayed in Fig. 18. Fluorescence of APTS 
does not retrieve the level without TEABB for any adensine.  A like observation could be 
made in the case of HPTS.  ATP exercises the strongest influence on the viologen in PQ III 
and PQIV. Contrary to HPTS, a great deal of fluorescence intensity is recovered here as a rise 
to 85% of the reference is recorded.  This confirms the behaviour observed in PQI and PQII 
that ATP yields the highest signal in this sensing scheme. Thus a better match between 
TEABB and ATP is presumed, both electrostatically and through - interactions, as 
fluorescence intensity rises to a relatively higher lever compared to the previous quencher.   

















Fig. 17. Quenching of APTS by TEABB. The fluorescence intensity of APTS alone (solid) 
remains at 100%. The signal of APTS and TEAPB is sufficiently constant after 300 




Apparently a weaker interaction takes place between ADP and TEABB and fluorescence 
intensity is of a low magnitude at below 75%. The signal for Pi lies at 75% of the reference. A 
better resolution and clearer discrimination was expected as phosphate and ADP are distinct 
due to the lack of a sugar and aromatic base of the former. A considerable difference in size 
needs to be taken into account as well.  
Therefore this system is not suitable for monitoring the decomposition of ATP into ADP and 
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Fig. 18. Effect of ATP, ADP and Pi on system PQIV. After 300 seconds the interaction of 
the phosphates is strong enough to release APTS and the low signal at 70% from TEABB is 




The response of guanine carrying nucleotides in PQIV is depicted in Fig. 19.  The strongest 
interaction with TEABB is recorded in the case of GMP. The signal is recovered to over 
almost 85% of the reference. A notably lower signal at 80% was recorded for cGMP. GTP 
and GDP slightly raise the fluorescence intensity by 5% to a level of above 70% of the 
reference. Although resolution is not sufficient, discrimination of the species is possible. This 
is reasonable as both molecules differ only slightly in terms of the number of the phosphate 
groups. Despite the fact that GDP and GTP can only be somewhat distinguished, the response 
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Fig. 19. Effect of GTP, GDP, GMP and cGMP in system PQIV is depicted here. The low 
signal at 70% caused by the quencher TEABB is increased. After 300 seconds the signals 
became constant for the most part. Upon the addition of phosphates, quenching of TEABB is 
decreased and causes a rise in fluorescence intensity. 
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AMP, cAMP and PPi 
The response of AMP, cAMP and PPi is depicted in Fig. 20. A clear distinction cannot be 
drawn between the three phosphates involved. Fluorescence intensity recovers to a level of 
80% when PPi and cAMP are present. The signal for AMP is of intermediate magnitude at 




Fig. 21 puts on display the effects of all adenine phosphates on the fluorescence intensity of 
PQIV. Resolution surpasses that of PQIII. Yet the signals of ADP, AMP and TEABB are 
close albeit on a tolerable level, i.e. a distinction can be drawn between all species, yet  
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Fig. 20. Effect of AMP, cAMP and PPi on the quenching of APTS by TEABB. The low 
signal at 67% from TEABB is increased. After 300 seconds the interaction of the 
phosphates is strong enough to release APTS. Quenching of TEABB is decreased and 




reproducibility can be a problem (see error bars). This might be in part due to a better 
recovery of fluorescence intensity. A possible explanation can be sought in a stronger 
interaction between the viologen and the phosphates as hinted at above.  
 
 
4.1.5 HPTS with TEAPeB as sensing design for the detection of ATP 
and other phosphates 
 


























Fig. 21. Response of all adenosine carrying phosphates after 300 seconds when the signal 
became sufficiently stable. The interaction of the phosphates with TEABB could not free 




The signal needed over 350 seconds to become stable yielding a drop to 50%. This constitutes 
the longest time frame required to conduct measurements, easily surpassing PQI-IV. Among 
the viologens studied, TEAPeB possesses the longest (pentyl) spacer. Apparently this enables 
a broader variety in orientation and 3 D structures that demand more time to align and interact 
with HPTS and for the complex to reach equilibrium.  
 
Phosphates in ATPase Reaction 
Fluorescence intensity of PQV upon exposure to ATP, ADP and Pi is displayed in Fig. 23.  
There is virtually no interaction between ATP and TEAPeB entailing to apparently no release 
of HPTS. Hence the fluorescence intensity remains at the low level caused by the quenching 
of TEAPeB. A substantially stronger interaction takes place between ADP/ Pi and TEAPeB 
















Fig. 22. shows the fluorescence intensity of mere HPTS (solid) at 100% in PQV. 
Furthermore, the quenching of HPTS by TEAPeB is displayed here. After more than 350 




thus only some electron transfer from HPTS to the quencher is enabled. Hence fluorescence 
intensity recovers to a level of 53% relatively quickly in the case of ADP while for Pi a longer 
time is required. The fact that both of these phosphates had similar affect on TEAPEB is 
rather surprising as both molecules are clearly distinct regarding the number of negative 
charges and the fact that one carries a base and a sugar entailing to a big difference in size. 
This observation, a rather inconvenient resolution with a relatively long response time renders 
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Fig. 23. Effect of ATP, ADP and Pi on sensing scheme PQV (quenching of HPTS by 
TEAPeB). The low signal at approximately 47% from TEAPeB is increased, it became 
stable after 350 seconds. The curve of ATP is omitted as the response did not raise the 
fluorescence intensity. The other phosphates decrease the quenching by TEAPeB, entailing 




The response of the guanine carrying nucleotides in PQV is depicted in Fig. 24.  Results yield 
that GTP behaves analogously to ATP. Yet, an intermediate signal was recorded in this 
instance instead of the hardly detectable signal observed in the former case. The fact that GTP 
does not occupy the top spot is in line with PQIII-IV. A recovery to 55% of the level of the 
reference could be observed. GDP impacted PQV the most, with signal recovery to 67%. A 
slightly lower signal was recorded for GMP. A bigger gap lies between this signal and that of 
GTP. Furthermore, cGMP increases the response of TEAPeB to 50%. As previously noted, it 
requires the longest time to free HPTS presumably due to its bulky 3 D structure. A clear 
distinction between all phosphates can be drawn here, resolution is at a good level. Yet the 
slow response time constitutes a big obstacle in utilizing this approach for monitoring enzyme 
activity.  
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Fig. 24. Effect of GTP, GDP, GMP and cGMP on sensing scheme PQV. The low signal at 
47% caused by TEAPeB is increased. After 350 seconds the interaction of the phosphates, 
especially GDP and GMP, is strong enough to release most HPTS. Quenching by TEAPeB is 
decreased, entailing to a rise in fluorescence intensity. 
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AMP, cAMP and PPi 
The response of AMP, cAMP and PPi is depicted in Fig. 25. Fluorescence intensity recovers 
to a level of 58% when AMP is present. The signal for cAMP is of intermediate magnitude at 
54%. PPi impacts TEAPeB the least, hence the signal only rises to 51% of the reference. A 
clear distinction between the three phosphates involved can be drawn. This corresponds to the 
results obtained in PQI and PQIII. A slow response time for all species, however, needs to be 




Fig. 26 reveals the response of all adenosine carrying phosphates. ATP seems not to be 
capable of releasing any HPTS from TEAPeB as no rise in fluorescence intensity is 
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Fig. 25 AMP, cAMP and PPi being exposed to PQV. The low signal at 47% from TEAPB 
is increased. More than 350 seconds are required for the signal to reach a stable level. 
Quenching by TEAPeB is decreased and causes to a rise in fluorescence intensity.  
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recorded.This finding is quite surprising as all other adenosine species recover the signal at 
least partially. The only difference lies in the phosphate chain. Sufficient interaction between 
the pyrene and the aromatic andenosine base, as well as the cations, should take place. 
Resolution seems satisfying but the singals of cAMP and PPi suffer from close proximity and 

































Fig. 26. shows the response in fluorescence intensity of all adenosine phosphates in PQV 
after 350 seconds. The curve for ATP was omitted as it virtually remained at the low level 
of the quencher TEAPeB at 47%. Error bars are included.  
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4.1.6 APTS combined with TEAPeB  as sensing design for the 
detection of ATP and other phosphates 
 
The potential of TEAPeB in PQVI as a quencher is depicted in Fig. 27. The fluorescence 
intensity became stable after 300 seconds and yielded a drop to 60%. 
 
 
Phosphates in ATPase Reaction  
ATPase catalyzes the decomposition of ATP into ADP and Pi. Upon the addition of these 
phosphates, being subjected to PQVI, again a rise in fluorescence intensity from the low level 
of the quencher is expected (Fig. 28) ATP retains the level of fluorescence intensity to just  
















Fig. 27 Quenching of APTS by TEAPeB. The fluorescence intensity of mere HPTS (solid) 
remains at 100%. The signal of APTS and TEAPeB is constant after 350 seconds and 




below 70% of the reference. This is parallel to the results obtained through PQI. The signal 
for ADP is of intermediate magnitude at 65% while Pi only reaches 60%. This order of 
reactivity is not only in line with PQI but also with the assumption that molecules with an 
aromatic compound (adenine) offer a broader variety of interactions (-, cation-) aside 
from the electrostatic interactions that can be exercised by all phosphates. Contrary to PQI 
(HPTS), the level of APTS could not be retained though. A clear distinction between all three 
phosphates can be drawn. PQVI surpasses PQ III and PQV in that matter. 
 
Guanosine Phosphates 
Fig. 29 yields the response of the guanosine phosphates in PQVI. The fluorescence  
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Fig. 28. Response of ATP, ADP, and Pi upon exposure to system PQVI. After 300 second the 
signal became sufficiently stable. PQVI offers good resolution as all three phosphates can be 




intensity obtained for GMP and GTP stands at 63% of the level of the reference (APTS) each. 
Thus discrimination is difficult, even more so considering the marginal rise in the signal as 
well. GDP causes no substantial effect on TEAPeB as no recovery in fluorescence intensity 
was recorded. cGMP, however, increases the signal to 70% of the reference. The number of 
the phosphate groups constitutes the only feature by which GTP, GDP, and GMP are distinct. 
Thus it can be argued that they should exercise a lesser impact on the viologen than cGMP. 
Additionally to a difference in distribution and nature of charge, the latter possesses a very 
bulky structure compared to the other phosphates.  
 
AMP, cAMP, and PPi 
Fig. 30 depicts the response of AMP, cAMP, and PPi in PQVI. Despite the different structure,  
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Fig. 29. Overview of the guanosine phosphates investigated via PQVI. After 300 second the 
signal became sufficiently stable. GDP is not capable of recovering fluorescence intensity 




charge and the fact that PPi carries no base, resolution of the three species is rather poor. The 
signal for AMP barely exceeds that of PQVI without phosphates. PPi and cAMP settle at 
roughly 65% each.  
 
Adenosine Phosphates  
Fig. 31 depicts the response of all adenosine phosphates being exposed to PQVI.  A 
distinction between all phosphates involved can be drawn to some extent. Standard deviation 
(error bars) is somewhat acceptable but needs to be taken into account as well. Only cAMP 
and ADP yield like signals. This fact is again surprising considering the difference in size, 
structure and charge of these species.  
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Fig. 30. PQVI exposed to AMP, cAMP, and PPi: Fluorsecence intensity is partly recovered 







































Fig. 31. Fluorescence intensity of ATP, ADP, AMP, and cAMP is put on display here. Despite 
similar response curves of ADP and cAMP, resolution is somewhat acceptable. AMP barely 





In this chapter, the results from the investigations of the sensing designs PQI-VI upon 
treatment with various phosphates are summarized and compared regarding selectivity, 
resolution, and response time. In all experiments, the pyrenes were combined with the 
viologens first, thus forming PQI-VI according to Table1 in section 1.3. The quenching 
efficiency of the diverse viologens varied from 20% to 50%. It is summarized in Table 1.  
 
All experiments were carried out in TRIS buffer at pH 7.8 (see 1.2.3). This entails to an 
almost complete deprotonation of the hydroxyl group of HPTS. Hence the viologens TEAPB, 
TEABB, and TEAPeB can interact in two ways with it. Their positive charges are subjected to 
electrostatic attraction and cation- interactions. Additionally, the aromatic part of the 
viologen can form -stacks with the pyrene group (see 2.1, 2.2). While pH impacts HPTS 
considerably, no change in the spectroscopic properties of APTS could be recorded, safe for 
harsh acidic conditions.  This limits the scope of possible modes of binding with the viologens 
Table 1 Sensing designs PQI-VI, their response time and quenching of the luminescence of 
HPTS and APTS (I0) is listed here. Response time ranges between 0 and more than 350 
seconds while quenching can be achieved from a minimum of 20% to a maximum of 50%.  
Pyrene Viologen Notation Response time 
Quenching 100-
(I/I0*100) 
HPTS TEAPB PQI 200 s 20% 
HPTS TEABB PQIII 200 s 35% 
HPTS TEAPeB PQV >350 s 50% 
APTS TEAPB PQII 0 s 25% 
APTS TEABB PQIV 300 s 30% 
APTS TEAPeB PQVI 300 s 40% 
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to cation- interactions and -stacks with the pyrene group (see section 1.1). This corresponds 
to the observation that TEAPB exercises a stronger quenching effect in PQI than in PQII and 
so forth for all quenchers in PQIII-IV.  
Apparently a longer alkyl chain causes to a more efficient quenching, especially in PQV 
and PQVI. This is most probably due to more intimate interactions between the pyrenes and 
the viologens. Hence it can be conjectured that a longer spacer (e.g. TEAPeB) enables more 
effective binding. This is most probably due to a more effective separation - therefore a longer 
distance - between the positive charges on the quaternary nitrogen atoms on the periphery and 
those being situated on the rings. Thus the orientation of the 3 D structure of the quencher is 
less restricted (see section 1.3). Moreover, response time increases with the length of the alkyl 
chain. It can be surmised in this case as well, that a longer chain enables more possible 
orientations (i.e. higher degree of freedom of mobility) of the viologens. Thus a longer time is 
required for the equilibrium to become set.  
The sensing designs PQI-VI strongly vary in their capabilities of discriminating 
between the different phosphate species that were examined in this work. Tables 2-4 give an 
overview of the results.  
There are two cases that need to be taken into account in order to explain and assess the 
deviations and differences between the three quenchers: first, the ability of the viologens to 
interact with the pyrenes. That has been discussed above. Second, the different kinds of 
phosphates can impact the quenchers in various ways. As has been hinted at previously (1.3), 
there are three criteria for distinction of the phosphates investigated above: charge (and 
number thereof), size and 3 D structure, type of base. Moreover, the pyrenes might not only 
be quenched by the viologens. Nucleic bases can also form - interactions with pyrene as 
well and thus decrease fluorescence intensity. 
Table 2 lists the response of PQI and PQII upon the addition of numerous phosphates. 
Despite the sometimes relatively long response time, a delay time of 200 seconds was 
sufficent to distinguish the phosphates involved. Pi and cyclic phosphates have been identified 
as species that require a substantially longer time periods in order for their response to 
become stable. An explanation can be sought in the form of the bulky structure of for instance 
cAMP. Phosphate on the other hand is less steric demanding. Yet it can undergo a series of 
acid base reaction. Due to its basic nature it will deprotonate all species with an acidic group. 
85 
 
An equilibrium will be eventually formed of H3PO4/H2PO4-/HPO42-/PO43-. Thus many 
reactions are possible that will delay the binding of phosphate with the viologens.  
Most observations show the same trend for PQI and PQII. Differences in intensity and 
other deviations have been discussed above. PQI offers a better sensitivity, resolution, and all 
phosphates yield a signal above the level of PQI without analyte. Thus it is well suited for the 




Table 2 Response of PQI and PQII regarding different phosphate groups according to 
section 1.3   
Notation Phosphate Group Phosphate Recovery Rate Response time 
PQI ATPase reaction ATP 100% 200 s  
ADP 92% 200 s 
    Pi 86% 600 s 
Gunanines GTP 96% 200 s 
GDP 86% 200 s 
GMP 95% 200 s 
    cGMP 88% 450 s 
AMP, cAMP, PPi AMP 85% 200 s 
cAMP 96% 700 s 
    PPi 90% 200 s  
Adenines ATP 100% 200 s  
ADP 92% 200 s 
AMP 85% 200 s 
    cAMP 96% 700 s 
PQII ATPase reaction ATP 88% 200 s  
ADP 85% 200 s 
    Pi 83% 700 s 
Gunanines GTP 86% 200 s  
GDP - - 
GMP 81% 200 s 
    cGMP - - 
AMP, cAMP, PPi AMP 85% 450 s 
cAMP - - 
    PPi 83% 200 s  
Adenines ATP 88% 200 s  
ADP 85% 200 s 
AMP 85% 450 s 





Table 3 Response of PQI and PQII regarding different phosphate groups according to 
section 1.3   
Notation Phosphate Group Phosphate Recovery Rate Response time 
PQIII ATPase reaction ATP 77% 450 s 
ADP 73% 500 s 
    Pi 81% 200 s 
Gunanines GTP 70% 200 s 
GDP 92% 700 s 
GMP 71% 200 s 
    cGMP 83% 700 s 
AMP, cAMP, PPi AMP 76% 200 s 
cAMP 71% 450 s 
    PPi 80% 200 s 
Adenines ATP 77% 450 s 
ADP 73% 500 s 
AMP 76% 200 s 
    cAMP 71% 450 s 
PQIV ATPase reaction ATP 86% 300 s 
ADP 78% 300 s 
    Pi 76% 300 s 
Gunanines GTP 75% 750 s 
GDP 76% 300 s 
GMP 84% 300 s 
    cGMP 81% 300 s 
AMP, cAMP, PPi AMP 74% 300 s 
cAMP 81% 300 s 
    PPi 81% 300 s 
Adenines ATP 86% 300 s 
ADP 78% 300 s 
AMP 74% 300 s 
cAMP 81% 300 s 
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Table 3 puts on display the response of PQIII and PQIV. In the former case, 200 seconds were 
required in order to differentiate between all phosphate species that were investigated here, 
while 300 seconds sufficed in the latter case. In PQIII, not only the bulky cAMP did require 
longer time frames to become stable but also a number of other phosphates. PQIV yielded 
only few such deviations.  
As opposed to PQII, a response for all phosphates could be recorded in PQIV. 
Resolution was at virtually the same level for both sensing designs. They are equally suited to 
be harnessed for sensing phosphates. Yet PQI is much superior to them regarding resolution, 
sensitivity, etc.  
Table 4 depicts the response of PQV and PQVI upon being exposed to phosphates. 
Again, phosphate and bulkier species required more time to yield a constant signal. Yet 
evaluation could take place after 300 seconds in PQVI, while PQV demanded 350 seconds. 
These long time frames are disadvantageous for the following reason. If such a sensing design 
was to be applied to monitoring of enzyme activity a time of five minutes elapses before 
detection can commence rendering this a rather inexpedient approach. Resolution for the 
guanines is acceptable but rather poor for adenosines.  
PQI and PQIII offer a fair resolution, relatively quick response time, and good 
sensitivity. Thus they are well suited for monitoring enzyme activity, for instance, while the 
other sensing designs suffer from drawbacks that disqualify them for such applications. PQI is 
suitable for adenosines, while PQII is more convenient for guanosines. Cross-sensitivity 
might be a problem. Hence reactions where only one phosphate species is present can ideally 
be monitored. Further improvements are desirable in the field of reproducibility though. 
Furthermore, LOD and dynamic range need to be validated. Thus far signals could be 
obtained for concentrations of 1 µM or higher. Yet more experiments are required to confirm 






Table 4 Response of PQV and PQVI regarding different phosphate groups according to 
section 1.3   
Notation Phosphate Group Phosphate Recovery Rate Response time 
PQV ATPase reaction ATP - 350 s 
ADP 54% 350 s 
    Pi 54% 600 s 
Gunanines GTP 59% 350 s 
GDP 61% 350 s 
GMP 63% 350 s 
    cGMP 54% 500 s 
AMP, cAMP, PPi AMP 59% 350 s 
cAMP 55% 350 s 
    PPi 53% 600 s 
Adenines ATP - 350 s 
ADP 54% 350 s 
AMP 59% 350 s 
    cAMP 55% 350 s 
PQVI ATPase reaction ATP 70% 700 s 
ADP 66% 300 s 
    Pi 62% 600 s 
Gunanines GTP 62% 450 s 
GDP 60% 700 s 
GMP 63% 450 s 
    cGMP 70% 300s 
AMP, cAMP, PPi AMP 61% 700 s 
cAMP 67% 700 s 
    PPi 66% 300 s 
Adenines ATP 70% 700 s 
ADP 66% 300 s 
AMP 67% 700 s 
cAMP 66% 300 s 
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5. Cyanine-Type Probe for Phosphates 
 
5.1 Results and Discussion 
 
The spectroscopic properties of [Zn(FEW-L)] in the presence of various phosphates are 
investigated in this chapter. Fluorescence intensity, excitation and emission spectra were 
recorded in a quartz cuvette. The concentration of Zn2+ (5 µmol*L-1), FEW-L (1 µmol*L-1), 
and phosphates (17.5 µmol*L-1) was constant in buffered aqueous solution (see 2.2). The ratio 
Zn/FEW-L was optimized beforehand (see 2.3.3). For each sample, absorption at 670 nm and 
emission at 740 nm were recorded. Fig. 1 displays these spectra for FEW-L.  
 



















Fig 1 Absorption and emission spectra of FEW-L. The formation of [Zn(FEW-L)] 
diminishes intensity by 50% or 35% respectively.  
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Absorption peaks at 670 nm, the emission reaches its maximum at 740 nm. Upon the addition 
of Zn2+ in the form of perchlorate, [Zn(FEW-L)] was formed, the fluorescence intensity 
dropped, and the maxima of excitation and emission were slightly shifted. More importantly 
zinc dications exercised strong quenching on FEW-L causing a decrease of about 50% in 
intensity in case of absorption. A decline of about 35% in emission was recorded. This 
phenomenon is due to the fact that [Zn(FEW-L)] is of a different 3 D structure than the free 
ligand. Moreover, the Lewis acid zinc in the tetrahedral complex is lowering electron density 
by coordinating one nitrogen atom that is part of the extended conjugated -system of the dye. 
Several modes of interaction can take place between phosphates and [Zn(FEW-L)]. Zinc 
phosphate possesses a rather low solubility product [1] and will readily precipitate even in 
small concentrations as are dealt with here. The same behaviour can be expected for 
diphosphate [1] and partly the adenosine and guanosine compounds although the sugar should 
render them more soluble in water. Yet, the aromatic base is in position to interact with FEW-
L through -stacks or cation- interactions as well as electrostatically. This reduces the 
concentration of phosphate that is available for binding to zinc dications. Thus, not enough 
phosphate to free and subsequently precipitate them might be available. Accordingly the 
aromatic bases are capable of quenching FEW-L or [Zn(FEW-L)] even more by also reducing 
electron density, enabling relaxation via electron transfer instead of fluorescence.  
The behaviour of [Zn(FEW-L)] being exposed to phosphates is investigated. A like 
approach as in chapter 4 regarding the grouping of the investigated species is followed here. 
APTase decomposes ATP into ADP and Pi (Phosphates involved in ATPase reaction). Thus 
these compounds constitute the first group of phosphates as acknowledging their importance 
in monitoring this particular enzyme. 
The Guanosine Phosphates GTP, GDP, GMP, and cGMP are in the next group of 
phosphates as they all share a common base.  
The next group is made up by other phosphates which were also subjected to this 
sensing scheme: AMP, cAMP and PPi.  
Finally the response of all Adenonsine Phosphates is on display for a better comparison 
of these molecules.  
 
[1] A. Hollewan, E. Wiberg, F. Wiberg,  Lehrbuch der Anorganischen Chemie, de Gruyter, 2007 
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5.1.1 [Zn(FEW-L)]: Absorption-Based sensing of ATP and other  
phosphate species  
 
Phosphates in ATPase Reaction 
Fig. 2 reveals the absorption spectrum of [Zn(FEW-L)] being exposed to ATP, ADP 
  
and Pi. The complex [Zn(FEW-L)] yields a intensity of 50% of the reference FEW-L only. Pi 
enhances the signal, according to the assumptions lined out above. Intensity is even 
surpassing that of the FEW-L. A possible explanation can be sought in the form of an increase 
in pH. A concentration of roughly 14 µmol*L-1 Pi remains in solution if it is assumed that 











 + Zn 
  + ADP 
  + ATP 












Fig. 2. Absorption spectra of the phosphate probe upon exposure to ATP, ADP, and Pi. 
Intensity (I, in arbitrary units) of [Zn(FEW-L)] reaches only 50% of the level of FEW-L. 
The adenosine phosphates contribute to further quenching of the complex. Pi releases 
Zn2+ and is apparently able to increase intensity.    
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Zn2+, in the form of Zn3(PO4)2, will precipitate completely. This equals a pH of above 10. The 
buffer contains TRIS at 24 mmol*L-1, a concentration overwhelmingly higher than 14 
µmol*L-1. Yet it should exercise a considerable impact on pH as it was adjusted to pH 7.8 by 
HCl prior to all experiments. Thus a rise in pH can be observed lowering the rate of 
protonation on the secondary amino group or any basic moiety of FEW-L notably.  
ATP exercises an additional quenching effect on [Zn(FEW-L)] and reduces the signal to 
below 25%. A further decrease can be observed in the case of ADP that lowers the response 
to roughly 10%. As was surmised above, this is most likely due to interaction of the aromatic 
base and the conjugated -system of the FEW dye, opening electron transfer as an alternative 
pathway to relaxation.  
A clear distinction can be drawn between all phosphates involved. Thus this probe is 
well suited for application in the monitoring of ATPase, for instance, considering the good 
resolution. It might even be more advantageous that the sensing scheme based on viologens 
(see 2.2) as Pi only enhances intensity while all phosphate species inhibit the bipyridinium 
quenchers to a certain degree.  
 
Guanosine Phosphates 
Fig. 3 yields the response of all guanine carrying phosphates. GDP is decreasing the low 
signal of [Zn(FEW-L)] to 10% of the level of FEW-L. All other guanosine phosphates raise 
absorption intensity again. Addition of cGMP entails to a recovery of the signal to about55%. 
In the case of GMP, a response of around 63% of FEW-L could be recorded. The signal for 
GTP recovered at about 66%. Only GDP exercised a quenching effect on the probe, this 
deviates from the behaviour of the adenosine phosphates investigated so far. Previously, a rise 
in fluorescence intensity could be recorded for Pi only.  
It seems reasonable that cGMP, GMP, and GTP should exhibit a response in that 
particular order, regardless of the nature of the reaction or mode of interaction with [Zn(FEW-
L)]. This is due to the bulky structure of cyclic phosphates, while the others only differ in 
length of phosphate groups, and thus in number of negative charges and size. Accordingly a 
weaker interaction takes place in the former case, an increasingly better one in the latter case. 
Surprisingly, the behaviour of GMP and GTP cannot be extrapolated to GDP although its 




All guanosines can be distinguished albeit on a smaller scale as in the case of the ATP, ADP 
and Pi.  
 
AMP, cAMP and PPi 
Fig. 4 shows the response of AMP, cAMP and PPi. PPi recovers absorption intensity. Similar 
results were obtained for Pi. The signal of PPi, however, does not exceed that of FEW-L. It 
reaches 60% only. Diphosphoric acid is a stronger acid than phosphoric acid. The fourth 
hydroxyl group features a pKa of 9.25 while HPO42- is of a pKa of 12.32 [1]. Thus PPi is less 
acidic by a factor of 1,000. Obviously a much lesser impact on pH is expected. Hence 
intensity is not enhanced but recovered to a certain degree upon the addition of PPi.   
 
[1] A. Hollemann, E. Wiberg, F. Wiberg,  Lehrbuch der Anorganischen Chemie, de Gruyter, 2007 
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Fig. 3. Absorption spectra of FEW-L, and [Zn(FEW-L)] upon exposure to guanosine 




AMP decreases the response of [Zn(FEW-L)] by 15% to 35% of FEW-L. cAMP reduces the 
signal to a mere 5%. Apparently it exercises the strongest impact on [Zn(FEW-L)] despite its 
demanding structure.  
 
Adenonsine Phosphates 
Fig. 5 reveals the response of all adenosine phosphates. Decreasing absorption intensity can 
be observed, from 35% in the case of AMP to 5% in the case of cAMP. All species can be 
clearly distinguished. This behaviour corresponds well with theoretical concepts that a change 
in charge and in size entails to a substantial change in signal intensity. Hence, [Zn(FEW-L)] 
constitutes a convenient probe for phosphate sensing.  
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Fig. 4. Response of [Zn(FEW-L)] being exposed to AMP, cAMP and PPi. A like 
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Fig. 5 Excitation Intensity of [Zn( FEW-L)] upon exposure to adenine carrying 
phosphates. The signal is quenched increasingly.   
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5.1.2 [Zn(FEW-L)]: Emission-based sensing of ATP and other  
phosphate species 
 
Phosphates in ATPase Reaction 
Fig. 8 reveals the emission spectrum of [Zn(FEW-L)] being exposed to ATP, ADP, 
 
and Pi. [Zn(FEW-L)] quenches the fluorescence intensity of FEW-L by over 35%. ATP 
reduces the signal even further to about 15%. ADP decreases fluorescence intensity to below 
10%. A higher signal was recorded for Pi and [Zn(FEW-L)] than for FEW-L. This behaviour 
is similar to that of the absorption and can be likewise explained.  A good resolution could 
also be observed.  
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Fig. 8. Fluorescence intensity of [Zn(FEW-L)] upon the addition of phosphates involved 
in the ATPase reaction. Pi increases fluorescence intensity while ATP and ADP decrease 




Fig. 9 shows the fluorescence intensity of the guanosine phosphates upon exposure to 
 
[Zn(FEW-L)]. GDP quenches fluorescence intensity dramatically, lowering the signal to 
around 12%. This observation is in line with that of the absorption spectrum. cGMP reduces 
the signal to roughly 50% from 65% by [Zn(FEW-L)]. The response after the addition of 
GMP (around 60%) can often merely be distinguished from that of the probe. GTP slightly 
enhances fluorescence intensity to approximately 67%. GMP and cGMP deviate in their 
behaviour regarding emission from their absorption spectra. This can be explained by similar 
considerations as before (see 2.3.1).  
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Fig. 9. [Zn(FEW-L)] was exposed to guanosine phosphates and the fluorescence intensity 
recorded. As could be seen above (Fig. 3), GDP is the only phosphate that very efficiently 
quenches emission. Yet only GTP enhances fluorescence intensity in this case.  
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AMP, cAMP and PPi 
Fig. 10 reveals the emission spectra of [Zn(FEW-L)] upon the addition of AMP, cAMP and  
 
PPi. The adenosine phosphates quench the emission of the probe. Some increase in 
fluorescence intensity (approximately 58%) occurs when PPi is added. A like behaviour was 
attest to [Zn(FEW-L)] in the absorption spectra. AMP reduces the signal of FEW-L by 
roughly 20% more than zinc. cAMP reduces fluorescence intensity to below 5%. Similar 
considerations apply here as in section 2.3.1 for a possible explanation. A fair resolution could 
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Fig. 10. displays the emission spectra of [Zn(FEW-L)] exposed to AMP, cAMP and PPi. 
AMP and cAMP quench the emission while a slight enhancement can be recorded in the 




Fig. 11 depicts the fluorescence intensity of [Zn(FEW-L)] being exposed to adenosine  
 
phosphates. All species quench fluorescence intensity. A distinction can be drawn between all 
phosphates, thus rendering this sensing design suitable for further applications in probing 
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Fig. 11. reveals the response of [Zn(FEW-L)] upon the addition of adenosine phosphates. 
This sensing design offers a good discrimination of all species that were subjected to it.  
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5.1.3 [Zn(FEW-L)]: Optimization of composition of the complex 
 
This section deals with the optimization of the composition, the ratio of Zn2+/FEW-L, in the 
probe used herein. For this purpose the zinc content was varied and similar experiments as 
lined out above were carried out. GDP, for instance, and adenosine phosphates were found to 
quench [Zn(FEW-L)]. The fluorescence intensity of FEW-L is lowered upon the addition of 
zinc cations. Thus it is reasonable to investigate whether the addition of a metal to form a 
complex is essential for this sensing scheme. This was subsequently studied.  Fig. 6 displays  
 
the response of FEW-L being exposed to guanine phosphates. Resolution is much poorer than 
for [Zn(FEW-L)] as probe. Furthermore, it was studied if a lower concentration of zinc ions 
might suffice for this sensing scheme to be realized. Hence, a solution of 2.5 µmol*L-1 zinc 
was used to form [Zn(FEW-L)] instead of 5 µmol*L-1.  Fig. 7 offers a comparison of  
















 + GTP 
 + GDP 
 + GMP 






Fig. 6. FEW-L as probe for guanosine phosphates. A distinction can be somehow drawn 




[Zn(FEW-L)] prepared from different concentrations of zinc stock solution. A better 
resolution can be achieved if the concentration of zinc stands at 5 µmol*L-1. A signal of 
virtually the same intensity can be recorded for GTP and AMP. ATP can be discriminated, 
though, albeit on a rather small scale. Hence, it is expedient to choose 5 µmol*L-1 zinc stock 
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Fig. 7. Comparison of [Zn(FEW-L)] prepared from 2.5 µM zinc stock solution and from 
5.00 µM upon exposure to phosphates. Quenching (AMP, ATP) and increase of 





This chapter offers a summary of the results obtained from the investigation of [Zn(FEW-L)] 
as a phosphate-sensitive probe. Table 1 lists the different phosphates that were probed herein 
and their response. All adenines prompt signals that can clearly be distinguished from one 
another. This is in line with theoretical considerations pertaining to their structure and number 
of charge.  While all species possess the same aromatic, nucleic base, they are distinct by their 
size. Moreover, cAMP is rather sterically demanding, even more so than the already bulky 
AMP, ADP, and ATP. The number of negative charges needs to be taken into account as well. 
Thus many modes of binding to FEW-L are possible, i.e. electrostatically or through - or 
cation- interaction. Yet free zinc cations and these in [Zn(FEW-L)] need to be considered as 
well. Phosphates can precipitate zinc. The sugar and base should increase solubility though. 
Thus the dominating factor is interaction with FEW-L and not that with zinc dications. While 
all adenosines decrease intensity, Pi and PPi increase it. Pi is in position to precipitate 
Zn3(PO4)2. A like behaviour can be expected of PPi. In both cases not enough zinc is available 
to precipitate all phosphate. While PO43- will impact pH substantially, P2O74- will only be 
capable of doing so by a much smaller degree as the pKa values differ by a factor of 1000. 
Most guanines increase intensity while only GDP lowers it. The same considerations as for 
the adenosines apply here, regarding structure etc. Yet interaction with zinc seems to be the 




Table 1 Change of Absorption of [Zn(FEW-L)] upon being exposed to these various 
phosphates. They are grouped according to the experiments from section 2.3.  
  Phosphate Intensity (a.u.) % of FEW-L 
FEW-L - 328 0 
[Zn(FEW-L)] - 164 50 
ATPase reaction ATP 77 23 
ADP 33 10 
  Pi 392 120 
Gunanines GTP 222 68 
GDP 31 9 
GMP 206 63 
  cGMP 184 56 
AMP, cAMP, PPi AMP 118 36 
cAMP 20 6 
  PPi 200 61 
Adenines ATP 77 23 
ADP 33 10 
AMP 118 36 





Table 2 lists the fluorescence intensity of all phosphates probed by [Zn(FEW-L)]. All 
adenines cause a further quenching of the signal of the probe. Their response can clearly be 
discriminated. The explanation for this behaviour is parallel to that offered for the absorption 
spectra. PPi and Pi have been found to enhance fluorescence intensity. Again, this is due to a 
change in pH and the solubility product, and thus precipitation, of these zinc phosphates. The 
responses of the guanosine phosphates are also clearly distinct, for an explanation see above 
(Table 1 and text).  
It could be proved that [Zn(FEW-L)] is a convenient probe for numerous phosphates. 
NIR probes hold advantages over other fluorescent probes. These include deep penetration of 
tissue, non-destructive measurements, inexpensive set-ups among others. The [Zn(FEW-L)] 
probe offers features most convenient for a sensing scheme, i.e. a good resolution and 
sensitivity, up to 1 µM and below. Yet LOD needs to be validated. Thus [Zn(FEW-L)] can be 
applied in probing phosphates and can possibly be used for monitoring enzyme activity. It 
remains to be seen whether or not two or more phosphate species can be examined 
simultaneously. Initial experiments have pointed in that direction though. Thus, further 
studies should be carried out regarding limit of detection and reproducibility. Different 
phosphate concentrations need to be probed which so far could not be discriminated. 







Table 2 Intensity of Emission of [Zn(FEW-L)] upon being exposed to these various 
phosphates. They are grouped according to the experiments from section 2.3.  
Phosphate Intensity (a.u.) % of FEW-L 
FEW-L - 364 0 
[Zn(FEW-L)] - 231 63 
ATPase reaction ATP 54 15 
ADP 35 10 
  Pi 405 111 
Gunanines GTP 222 61 
GDP 31 9 
GMP 206 57 
  cGMP 184 51 
AMP, cAMP, PPi AMP 118 32 
cAMP 20 5 
  PPi 200 55 
Adenines ATP 77 21 
ADP 33 9 
AMP 118 32 








Phosphate-sensitive probes have been synthesized and characterized. The focus was on the 
(bio)phosphates ATP, ADP, AMP, cAMP, GTP, GDP, GMP, cGMP, Pi and PPi. One design 
is utilizing the quenching of APTS or HPTS by viologen derivatives which is reversed upon 
addition of phosphates. Three viologens were tested for their applicability. The compound 
TEAPB in combination with HPTS yielded the most promising results. The probe allows for 
discrimination between all phosphate species investigated. This analytical design offers good 
resolution and sensitivity. It may be applied to monitoring enzyme activity, especially 
enzymes dealing with adenosines (PQI) or guanosines (PQII). LOD is above 1µM. More 
experiments and further characterization is required for future applications though. It is 
disadvantageous for probing two phosphate species simultaneously.  
The second detection scheme is based on a complex of zinc (2+) and a NIR dye FEW-L. 
The probe [Zn(FEW-L)] is quenched by all phosphates (same species as above). Excitation 
and emission spectra were recorded. In both cases all phosphates pertaining to possible 
biological applications could be sensed. A good resolution coupled with good sensitivity 
could be attested. Hence, this concept can be harnessed for future applications in monitoring 
enzyme activity in general or ATPase in particular.  It is most suitable for Pi and adenosines. 
LOD is 1 µM and lower. Further characterization is needed in order to apply this sensing 
scheme to the determination of enzyme activity. It remains to be seen if two or more 










Phosphatsensitive Sonden wurden synthetisiert und charakterisiert. Der Fokus lag dabei auf 
Biophosphaten ATP, ADP, AMP, cAMP, GTP, GDP, GMP, cGMP, Pi und PPi. Eine 
Messanordnung macht sich das Quenchen von APTS oder HPTS durch Viologenderivate zu 
nutzen welches bei Zugabe von Posphaten umgekehrt wird. Drei Viologene wurden auf ihre 
Verwendbarkeit getestet. Die Verbindung TEAPB in Kombination mit HPTS lieferte die 
vielversprechendsten Resultate. Die Sonde ermöglicht eine Unterscheidung zwischen allen 
getesteten Phosphaten. Dieser analytische Aufbau bietet gute Auflösung und Sensitivität. Es 
könnte möglicherweise dazu benutzt werden, Enzymaktivitäten zu verfolgen, besonders 
solche Enzyme die mit Adenosinen (PQI) oder Guanosinen (PQII) zu tun haben. LOD ist 
größer 1 µM. Mehr Experimente und eine weitere Charakterisierung sind für zukünftige 
Anwendungen nötig. Es ist unvorteilhaft damit zwei Phosphatspezies gleichzeitig zu 
detektieren.   
Die zweite Messanordnung basiert auf einem Komplex aus Zink (+2) und einem NIR 
Farbstoff FEW-L- Die Sonde [Zn(FEW-L)] wird von allen Phosphaten gequencht (die 
gleichen wie oben wurden untersucht): Anregungs- und Emissionsspektren wurden 
aufgenommen. In beiden Fällen konnten alle Phosphate die in biologischem Kontext wichtig 
sind erkannt werden. Eine gute Auflösung zusammen mit einer guten Sensitivität konnte 
attestiert werden. Deshalb kann dieses Konzept für zukünftige Anwendungen beim Verfolgen 
von Enzymaktivität im Allgemeinen, oder ATPase im Besonderen, genutzt werden. Es ist am 
besten geeignet für Pi und Adenosine. LOD ist 1 µM und kleiner. Weitere Charakterisierung 
ist vonnöten um dieses Modell für die Bestimmung von Enzymaktivität zu nutzen. Es muß 
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